Knowledge of soil physical and chemical properties is a key to making agronomic and environmental decisions. The objective of this study was to assess the extent of spatial dependence and spatial structure of some soil physical properties and implications on pedogenesis and management in the basement complex soils of southwestern Nigeria. Surface soil (0 -15cm) samples were collected at 10 m 2 rigid grid intervals in a 0.5 hectare plot under fallow along Parry road in University of Ibadan. Classical statistics and geostatistics were adopted in analysis of data. Among the nine measured soil physical properties, sand, coarse sand and bulk density were least variable with coefficient of variation (CV) <15%. Moderately variable (CV >15<35%) properties included clay, silt, silt + clay and silt/clay ratio (SCR), whereas fine sand and saturated hydraulic conductivity were highly variable (CV >35%). The nugget to sill ratio showed that clay (12.5%), silt (9.9%), fine sand (17.0%), silt + clay (5.4%), SCR (25.7%), bulk density (18.1%) and hydraulic conductivity (12.2%) were strongly spatially dependent, while total sand (40.4%) and coarse sand (29.2%) contents were moderately spatially dependent indicating intrinsic variation attributable to soil particle size and mineralogy. Pearson correlation coefficients of the semivariances of the soil physical properties indicated that there were very few significant (p<0.05) relationships (i.e. 16% of the soil physical property pairs). It was observed that those semivariances that displayed significant correlation with each other had similarity in the appearance of their contour maps. The implication is that significantly correlated variables could be representative for site specific agronomic and environmental management and for study of pedogenesis.
INTRODUCTION
Knowledge of soil physical and chemical properties is a key to making agronomic and environmental decisions. But soil properties have been found to be heterogeneous from global scale to changes in structural and chemical composition of soil minerals on microscale (FAO, 1974; Sawhney, 1977) . Soil variability is a product of soil forming factors that interact over a continuum of spatial and temporal scales. The precision of statements that could be made about soil properties and management for sustainable food and fiber production at any location, therefore, depends largely on the amount of variation existing within the area sampled. Many authors have emphasized that the interpolation of results of agronomic experiments is often difficult because of local variability that could lead to large variation among replications of experimental treatments (Brouwer and Bouma, 1997; Brouwer, et al., 1993; Wendt et al., 1993; Manu et al., 1996) .
It is generally recognized that soil properties manifest both long and short range variability and are multivariate in nature (Nielsen et al. 1973, Russo and Bresler, 1981) . This variability can be studied using analysis of variance (ANOVA), in which case a small number of randomly collected samples may provide useful mean comparisons among site/agronomic variables. Ranking of coefficient of variation (CV) of soil properties into different classes including least (<15%), moderately (15 -35%), and highly (>35) variable according to Wilding (1985) , can also be used. But neither ANOVA nor CV accounts for spatial covariance structures of multivariate soil properties (Nielson et al., 1995) . Geostatistics is a valuable tool for analyzing spatial variability, interpolating between observations and ascertaining the interpolated values with specified error using a minimum number of observations (Burrough, 1991) . Spatial statistical analyses are ideal for investigating spatial covariance structure of soil properties, understanding soil forming factors, genetic processes and development of farm management strategies (Trangmar et al., 1985) . This study, therefore, assesses the extent of spatial dependence and spatial structure of some soil physical properties and their implications on pedologenesis and management of basement complex soils of southwestern Nigeria.
MATERIALS AND METHODS

Description of the study area
The study was conducted on a 0.5 hectare (100m by 50m) fallow plot located by the side of Parry road on the north-west end of the University of Ibadan in southwestern Nigeria. University of Ibadan is located approximately between longitudes 3º 44' and 4º 00' E and latitudes 7º 25' and 7º 30' N. The climate of Ibadan area is hot subhumid and lies within the derived savanna zone. Mean annual rainfall is about 1200mm within the rainy season occurring between April and November. The mean monthly temperature ranges between 24ºC and 28ºC. The sampling site is gently undulating with slope of about 4 -6%. The soils are derived from coarse granite gneiss of the precambarian basement complex. The dominant plant species in the study area include Chromlaena odorata, Azadirachta indica, Eleasis guineansis, Gliricidia sepium, Cynodon dactylon, Panicum maximum and Penissetum purpureum.
Soil sampling and laboratory analysis
The study site is at the lower slope position that experiences seasonal fluctuation of water table and classified as Typic Plithaqaualf. Surface soil samples (0 -15cm depth) were collected at grid nodes along transects made at 10m intervals in a rigid grid format with the aid of Dutch auger. Soil samples were processed and the analyses performed included particle size distribution using hydrometer method (Gee and Bauder, 1986) , bulk density using core method (Blake and Hartage, 1986) and saturated hydraulic conductivity (Klute and Dirksen, 1986) .
Statistical analysis
Measured variables in the data set were analyzed using classical statistical methods to obtain the minimum, maximum, mean, median, standard deviation, skewness, kurtosis and correlation analysis (SAS Institute, 1996) . The degree of spatial variability for each variable was determined by geostatistical methods using semivariogram analysis and kriging (Trangmar et al., 1985; Bailey and Gatrell, 1998; McBratney and Pringle, 1999) . The assumption of classical statistics is that variation of soil properties is randomly distributed within the units, but many soil properties are continuous variables whose values at any location can be expected to vary according to direction and distance of separation from neighboring samples. Then, spatial dependence was studied using the semivariogram. Semivariance was calculated using:
where h is the lag distance ( ) h γ is the semivariance at lag h, Z is a random variable (value of soil property), Z(x i ) is random variable for a fixed location x i , N(h) is the number of pairs of values Z(x i ), Z(x i +h) separated by a vector h.
Schematic representation of ideal and experimental semivariogram plots are shown in Figures 1 and 2 respectively. In semivariogram plots the semivariance increases with distance between sampling location, rising to a constant value that approximates the sill at a given separation distance called the range of spatial dependence (a). Ideally, the experimental semivariogram should pass through the origin as shown in Figure 1 when the separation distance is zero, but soil properties display non-zero semivariance as the separation distance tends to zero. The nugget variance or nugget effect (C 0 ) shown in Figure 2 represents unexplained or random variance frequently caused by measurement error or microvariability of the property which cannot be detected at the scale of sampling. Semivariograms were drawn and fitted with several different models. The best fit model was selected with weighted least square regression (SAS Institute, 1996) . The semivariograms were fitted to either a linear for h ≤ a ( )
where C 0 is the nugget effect, C 1 is the structural variance, a the range of spatial dependence and C 0 + C 1 is the sill Distinct classes of spatial dependence for the soil properties were obtained by the ratio of the nugget to sill. If the ratio was <25%, between 25 and 75% or >75%, the variable was considered strongly, moderately or weakly spatially dependent respectively (Cambardella, et al., 1994) . On the semivariances of the soil physical properties, Pearson correlation analysis was performed (SAS Institute, 1996) . Finally contour maps of each variable were created through ordinary kriging (David, 1977; Journel and Huijbregts, 1978; and Clark, 1979) using their respective semivariogram models in Spatial Module of S-Plus (S-Plus, 1997).
RESULTS AND DISCUSSION
Variation of soil properties
The Pearson correlation among soil physical properties studied showed that clay content significantly (p<0.01) correlated with sand (r = 0.53), silt + clay (r = 0.57), SCR (r = 0.54) and bulk density (r = -0.36) ( Table 1) . Silt significantly correlated with sand (r = 0.87, p<0.01), silt + clay (r = 0.93, p<0.01),silt/clay ratio (r = 0.63, p<0.01) and bulk density (r = 0.34, p<0.05). Sand significantly correlated with silt + clay (r = -0.93, p<0.01), SCR (r = -0.33, p<0.05) and bulk density (r = -0.42, p<0.01). Fine sand significantly correlated with coarse sand (r = -0.88, p<0.01), while silt + clay significantly correlated with SCR (r = 0.34, p<0.05) and bulk density (r = -0.42, p<0.01). Saturated hydraulic conductivity did not significantly correlate with any of clay, silt, sand, fine sand, coarse sand, silt + clay, silt clay ratio (SCR) and bulk density. Duffera et al. (2007) reported significant correlation between particle sizes, their derivatives and solute transport in soils (Strock et al. 2001) . The consistent significant correlations between sand and silt or clay observed in this study were indications that it plays important role in development of the soil and could be a major factor to be considered in management. The mean and median values were used as primary estimates of central tendency, and standard deviation, coefficient of variation (CV), minimum, maximum, skewness and kurtosis were used as estimates of variability (Table 2) . Despite skewness and kurtosis of distribution of the soil physical properties studied, the mean and median values were similar with the median either slightly less than or higher than the mean. These indicated that outliers did not dominate the measure of central tendency. Shulka et al. (2004 a and b) , Iqbal et al. (2005) , Obi and Ogunkunle (2009) reported similarity of means and median values of soil physical, chemical and biological properties and for grain and biomass yield. Among the nine measured soil physical properties, sand, coarse sand contents and bulk density were least variable with CVs of 4.6%, 11.9% and 6.4% respectively. Moderately variable soil physical properties (i.e. CV >15<35%) included clay (24.3%), silt (27.4%), silt + clay (21.9%) and silt clay ratio (28.4%), whereas fine sand (47.5%), and saturated hydraulic conductivity (59.1%) were highly variable (CV >35%). The fact that the study site was at the lower slope position and continually enriched with materials from the higher positions of the toposequence may be responsible for least to moderate variability within the single field plot studied. This assertion was further confirmed by the high silt / clay ratio that ranged between 0.48 and 3.33 compared to <0.15 (Young, 1976) indicating that the soil is not highly weathered. It was reported that coefficient of variation of soil particle sizes ranged from least to moderately variable whereas that of saturated hydraulic conductivity was highly variable (Shulka et al. 2004 a and b, Obi and Ogunkunle, 2009 and Botros et al. 2009 ). Generally, the descriptive statistics showed moderate soil variability in the study area, but could not discriminate between intrinsic (natural as a result of factors of soil formation) and extrinsic (imposed by management and land use) sources of variation. Therefore, spatial dependence of the soil properties was also investigated using geostatistics. 
Spatial dependence of soil physical properties
The semivariance statistics of measured soil properties are shown in Table 3 . Several models were fitted to the semivariograms and linear model was obtained as the best fit. Anisotropy was not evident in the directional semivariograms for any of the properties. Therefore, isotropic models were fitted using weighted least square regressions. The entire semivariogram (Figures 3 -5 ) models displayed positive nugget effect which may be as a result of sampling error, random, inherent variability or short range variability. Spatial dependence which implied the relative sizes of the nugget effects among different measured soil physical properties can be described by expressing the nugget variance as a percentage of total semivariance or sill (Trangmar et al. 1985) . Clay, silt, fine sand, silt + clay, SCR, bulk density and hydraulic conductivity were strongly spatially dependent (i.e. <25%), whereas total sand and coarse sand contents were moderately spatially dependent (>25<75%). None of the soil properties measured was weakly spatially dependent. Strong to moderately spatial dependence of particle-size distribution had been attributed to intrinsic variation in soil texture and mineralogy and hence to soil formation processes Cambardella et al. 1994; Shukla. et al. 2004a) The linearity of semivariograms coincided with the analogy presented by Trangmar et al., (1985) showing that single, long range process dominated the soil formation process. Pearson correlation coefficients of the semivariance of the soil physical properties studied indicated that there were very few significant (p<0.05) relationships (i.e. 16% of the soil physical property pairs). Thus, Pearson correlation analysis may not give adequate information on the relationship or trend of distribution of these properties in soils of basement complex parent materials.
Kriging
The result of contour maps (kriging) indicated that in spite of the few relationships established with the Pearson correlation among the semivariances of the measured soil physical properties, those that displayed significant correlation with each other equally had similarity in the appearance of their contour maps (Figures 3 -5 property pairs ( (Iqbal et al., 2005) . The implication is that significantly correlated or intercorrelated variables could be represented by a single or few variables for site-specific management and study of peodgenesis. Iqbal et al., (2005) observed that differential water holding capacity of different textures combined with uniform application of irrigation water during the growing season of cotton led to either over or under application of water and variability in cotton lint yield.
CONCLUSIONS
The mean and median values of the soil physical properties studied were similar with the median being either slightly less than or higher than the mean indicating that outliers did not dominate the measure of central tendency despite skewness and kurtosis of distribution. Among the nine measured soil physical properties, the least variable coefficient of variation values (CVs) were for total sand, coarse sand and bulk density. Moderately variable values were obtained for clay, silt, silt + clay and silt / clay ratio (SCR), while fine sand and saturated hydraulic conductivity were highly variable. The nugget to sill ratio showed that clay, silt, fine sand, silt + clay, SCR, bulk density and saturated hydraulic conductivity were strongly spatially dependent, while total sand and coarse sand contents were moderately spatially dependent indicating intrinsic variation attributable to soil texture and mineralogy. Pearson correlation coefficients of the semivariance were significant in 16% of the soil physical property pairs studied. There were indications that the correlation of semivariance statistics could express possible relationships among soil property pairs and their contour maps could actually be utilized for management decision processes. It was observed that those that displayed significant correlation with each other equally had similarity in the appearance of their contour maps. The implication is that significantly correlated variables could be useful in site specific agronomic and environmental management decision processes and study of pedogenesis.
